Abbreviation List
cubic feet = cf feet = ft pounds per square inch = psi pounds per square inch per foot = psi/ft microdarcies = μd mcf/day = thousand cubic feet per day bbl/day = barrels per day scf/bbl = standard cubic feet per barrel bbl/mmcf = barrels per million cubic feet lb/mmscf = pounds per million standard cubic feet cf/mmscf = cubic feet per million standard cubic feet mcf/day = thousand cubic feet per day
Introduction
Tight gas sandstones are now an important contributor to gas production in the United States. Despite this importance, many questions remain concerning the nature of fluids in tight (low permeability) gas systems. This study is part of an ongoing effort to examine the early fluid production from a number of tight gas systems in the Rocky Mountain region of the United States (Nelson and Hoffman, 2009; Nelson and others, 2009a, b) . Early production, rather than cumulative production, is examined in order to gain a record of fluid flow while minimizing perturbations from well interference and pressure reduction. By conducting a systematic study of a number of tight gas systems, we hope to gain insight into the fluid-flow characteristics of reservoirs and ultimately relate those characteristics to the geological setting and hydrocarbon-charging scenario. The purpose of this report is to document our findings for gas, water, and oil production from four fields in the Piceance Basin in western Colorado ( fig. 1) .
The ability to determine productive zones and the efficacy of completion techniques vary among operators at any given time, and both factors evolve with time as personnel gain experience in a field and as drilling and completion techniques improve. Thus, the amounts of gas, oil, and water extracted from a given well are dependent upon the level of petrophysical, drilling, and completion expertise applied to that well. This seems to be even more true in the case of tight gas systems than in highpermeability reservoirs because the consequences of errors and oversights are greater in lowpermeability reservoirs. The exercise conducted in the present paper is susceptible to the timedependent vagaries of evaluation and extraction technologies. Our hope is that our techniques of well selection, presentation of statistical results, and the changes in gas and water quantities over a five-year time span are sufficient to overcome some of the difficulties inherent in comparative case studies of fluid extraction from low-permeability systems. Johnson and Flores (2003) .
Note differing nomenclatures of intervals within the Wasatch Formation. Paleocene portion of Wasatch Formation is referred to as Fort Union Formation in the northern part of the basin. [Camp., Campanian; Maast., Maastrichtian; E., Olig., early Oligocene; CRET., Cretaceous; Ss., Sandstone; Mbr., Member; Fm., Formation]
The Wasatch G interval of the Wasatch Formation, referred to simply as the Wasatch G interval in this report, is late Paleocene to early Eocene in age and is a proven gas producer in the central part of the Piceance Basin (Johnson and Flores, 2003; Carlstrom, 2003) . The productive area considered here lies at the southeast extremity of a northwest-trending thickening of the Wasatch G interval (Carlstrom, 2003, fig. 8 ). The Wasatch G interval produces a strong, continuous seismic reflector across the Parachute and Rulison fields ( fig. 16 of Cumella and Ostby, 2003) . In Parachute field, the net sandstone thickness of the Wasatch G interval determined in 46 wells ranges from 6 to 74 feet (ft), with an average thickness of 39 ft (Carlstrom, 2003, fig. 8 ). Johnson and Flores (2003) provide a detailed discussion of the problems with correlation and nomenclature in the Wasatch Formation in the southern part of the Piceance Basin. The Wasatch G interval is considered part of the Molina Member of the Wasatch Formation, as defined in the southwest part of the basin, and is equivalent to the sandstone unit of the Shire Member of the Wasatch Formation, as defined in the southeastern part of the basin ( fig. 2) . Photographs (figs. 17-25 of Johnson and Flores, 2003) document the amalgamated channel sandstones of the Molina Member that crop out on the west end of Battlement Mesa and in the Colorado River valley southwest of Grand Valley field ( fig. 1 ).
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Other photographs (figs. 26-28 of Johnson and Flores, 2003) document the fluvial character of the sandstone of the Shire Member that crops out north of Mamm Creek field in sec. 11, T. 6 S., R. 92 W. (fig. 1 ). Because the gas is believed to be sourced from the Mesaverde Group, the Wasatch G interval was incorporated within the Mesaverde Total Petroleum System in an assessment of oil and gas potential in the Uinta and Piceance Basins (Johnson and Roberts, 2003) .
Pressure-depth ratios in the Wasatch Formation are 0.36 pounds per square inch per foot (psi/ft) in Rulison field and 0.35 psi/ft in Parachute field (Hemborg, 1993) . These values are less than the fresh-water gradient of 0.43 psi/ft. In early drilling of Rulison field, wells were drilled with air, perforated, and hydraulically fractured, but no acid was used (Martinez and Duey, 1982) . Of the wells examined in this study, all were hydraulically fractured and acid was used in stimulating half the wells. Based on core measurements, porosity is 6.5 percent and permeability ranges from 0.06 to 0.25 millidarcies (md) (Martinez and Duey, 1982) , but the porosity value is probably not representative, as a value of 14 percent was used by one operator as a cutoff to determine pay (S. Cumella,Bill Barrett Corporation, written commun., 2010) . Maximum depth of burial was considerably greater than presentday depths; it is estimated that 4,700 ft of rock have been removed by uplift and erosion at the MWX site in Rulison field (Nuccio and Roberts, 2003) .
The Mesaverde Group
The extent and nature of the gas-productive Mesaverde Group was described by Johnson (1989) with more detailed information revealed in subsequent publications that are based on the exploration and development drilling carried out in the 1990s (Hemborg, 2000; Cole and Cumella, 2003; Cumella and Ostby, 2003; Yurewicz and others, 2008) . Johnson (1989) noted that the fluvial part of the Mesaverde, which corresponds approximately to the brown interval from the top of the Cameo zone to the top of Mesaverde in figure 3, consists almost totally of lenticular channel sandstones and finegrained flood-plain deposits. The distribution of the channel sandstones can be inspected by expanding a portion of figure 3. Thicknesses of individual sandstone bodies are several tens of feet. Based on outcrop studies, the widths of sand bodies range from 40 to 2,800 ft, with average widths of five classes of sandstone bodies all less than 900 ft (Cole and Cumella, 2003) . These restricted horizontal dimensions require dense drilling patterns to access the gas that is reservoired in the sandstone bodies. The finite lenticular shapes also pose a problem in terms of how gas was emplaced into the sandstones. Cumella and Scheevel (2008) hypothesized that gas migrated upward through microfractures that formed as the result of stress changes induced by gas pressure. Present-day overpressure is greater at the bottom of the gas system than at the top.
The tight gas sandstones of the Mesaverde Group were subject to extensive field and laboratory testing during the 1980s, as summarized by Nelson (2002) and Warpinski and Lorenz (2008) . Three wells, designated MWX-1, 2, and 3, were drilled, cored, and tested in Rulison field ( fig. 1 ). Based on core measurements, the average porosity of these sandstones is less than 10 percent. Well tests showed that effective permeabilities ranged from 10 to 50 microdarcies (μd), substantially greater than the permeability measurements obtained from stressed samples, whose permeabilities were less than 3 μd. The inconsistency between laboratory results and well tests indicated that natural fractures play a highly important role in fluid flow. Well testing also showed permeability to be strongly directional, consistent with the concept that natural fractures play a prominent role in fluid flow. modified from Cumella and Ostby (2003) . Location of cross section is labeled in figure 1 as " Fig. 3 structural section". Elevation is in feet relative to sea level. Gamma-ray logs are shaded to show sandstones in yellow and intervals with higher content of silt and clay in various shades of gray. Wasatch production examined in this report is from the G sand of the Wasatch Formation; Mesaverde production is from the interval between the base of the Cameo (Cameo coal zone) and the red line labelled "top continuous gas saturation."
Data Reduction
Daily production rates were computed by dividing monthly volumes of production by the number of days of production in a month. The resulting values of (1) gas rate, in thousands of cubic feet per day (mcf/day); (2) water rate, in barrels per day (bbl/day); and (3) oil rate, in barrels per day (bbl/day) are plotted on a logarithmic scale as a function of time ( fig. 4A ). Production versus time plots for selected wells are shown in plates 1-6. To determine a representative flow rate of gas, oil, or water from a well, a 3-month time interval was selected early in the history of a given production record for which fluid production was judged to be representative of flow. This time interval, referred to as the "first sample" in this report, was generally selected to be about two years after commencement of production; such delay serves to eliminate early transients and changes in equipment, and reduces the likelihood that fracturing fluids are included in the water tally. The records of fluid production in the Bennett 32-10 well are of better quality than most production records, making the selection of the sample points relatively easy for this well. For the example in figure 4A , the production rates were averaged over the months of February-April 1997, resulting in the values posted in the figure. A, Production of gas, water, and oil versus time. Vertical line indicates the first sample, which is generally about two years after the onset of production. Posted values are averages for months of February-April 1997. B, Water versus gas production on logarithmic axes. Triangle symbol shows water and gas rate values from part A. The water-gas ratio of 21.9 bbl/mmcf falls on a 45-degree line. C, Oil versus gas production on logarithmic axes. Black triangle shows oil and gas rates from part A. The oil-gas ratio of 7.2 bbl/mmcf, equivalent to a gas-oil ratio of 138,481 scf/bbl, falls on a 45-degree line.
[mcf/day, thousand cubic feet per day; scf/bbl, standard cubic feet per barrel; bbl/mmcf, barrels per million cubic feet]
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The resulting average daily rates are posted on summary plots with bi-logarithmic scales (figs. 4B and 4C), which accommodate wide ranges of production rates. With the use of bi-logarithmic axes, constant ratios of production rates lie on 45-degree lines, the ratio increasing upward and to the left. Other advantages of bi-logarithmic plots over linear plots are discussed by Nelson and others (2009b) . Water production of 8.2 bbl/day and gas production of 373.9 mcf/day from well Bennett 32-10 determine the location of the single point in figure 4B . The water-gas ratio for this well, 21.9 bbl/mmcf, which is represented as a diagonal line, is greater than the median for the wells examined in this study from the Mamm Creek field. In similar fashion, the first-sample oil rate of 2.7 bbl/day and gas rate of 373.9 mcf/day determine the location of the point in figure 4C , with a resulting oil-gas ratio of 7.2 bbl/mmcf represented by a diagonal line. Wet gases, also called condensate gases, have gas-oil ratios in excess of 50,000 scf/bbl, or oil-gas ratios of less than 20 bbl of condensate/mmcf of gas (McCain, 1990) , and occupy the lower right corner of the plot. Thus, the representative data point in figure 4C lies within the wet gas field.
To show the change in gas and water production in each well, a second 3-month average is computed 5 years after the first average ( fig. 5A ). The gas and water production figures from the second sample are plotted on the bi-logarithmic production plot (red circle in fig. 5B ). Each second-sample value is linked to its first-sample value (triangle in fig. 5B ) by a line, producing a vector that shows the amounts and the change of water and gas production over 5 years. On a bi-logarithmic graph, a vector of a given length and angle represents the same fractional changes in daily gas and water production regardless of where it is positioned on the graph. In the example shown in figures 4 and 5, gas production decreases from 374 to 210 mcf/day over 5 years, water production increases from 8.2 to 10.0 bbl/day over 5 years, and the water-gas ratio increases from 21. A, Production of gas, water, and oil versus time with values given for the second sample. B, Vector plot, with water versus gas production on logarithmic axes. The triangle designates the gas and water production at the first sample and the red circle shows production at the second sample five taken five years later, thus marking the head and tail of a vector. C, Normalized vector plot, with change in water production versus change in gas production on logarithmic axes. Values from the first sample are placed at center of plot, so all vectors for a field share a common origin. [mcf/day, thousand cubic feet per day; bbl/mmcf, barrel per million cubic feet]
To clarify the relative changes in water and gas production among wells, a bi-logarithmic plot of the change in water and gas production places all early-time production at a common origin (single square at 1,1 in fig. 5C ), so that changes in production over a 5-year span can be compared among wells. The length and orientation of each vector is the same in figures 5B and 5C, but the first-sample value has been normalized, or translated to the center (1,1) position of the plot in figure 5C . In this example, gas, water, and oil records were complete so a second sample could be obtained 5 years after the first sample, but in a few cases where data were missing, values from an earlier time (three or four years after the first sample) were extrapolated to obtain a second sample.
As some water can exist as a dissolved phase in gas within the reservoir, the question arises as to how much of the produced water was originally dissolved in the reservoir and then condensed at the surface. The amount of water dissolved in gas in reservoirs increases with increasing temperature and decreases with increasing pressure (McCain, 1990, p. 460) . The amount released depends upon the pressure and temperature at the surface; a fixed value of 33 pounds per mmcf (lb/mmcf) was assumed, based on considerations by McCain (1990) . Our computations, based upon the approach given by McCain (1990, p. 460-463) and using subsurface temperature and pressure conditions from various sources, indicate that the amount of water likely to be dissolved in reservoir gas and subsequently produced at the surface ranges from 0.21 to 0.47 bbl/mmcf among the four fields considered here (table  1) . These estimates are included as diagonal lines on water-gas plots showing production from the Mesaverde Group on plates 3-6 to indicate how much of the water produced at surface could originate as water originally dissolved in reservoir gas. Table 1 . Estimates of water released at the surface that was originally dissolved in gas in the reservoir. The estimates are based on pressure and temperature conditions corresponding to selected depths in four gas reservoirs producing from the Mesaverde Group. Solubility of water in gas and estimate of water retained of 33 lb/mmcf are taken from McCain (1990 Because oil and gas types are defined as a function of gas-to-oil ratios (McCain, 1990) , the fluid types can be displayed on the log-log oil production versus gas production diagrams ( fig. 6 ). Black oil types have gas-oil ratios less than 2,000 standard cubic feet per barrel (scf/bbl) and volatile oil types have gas-oil ratios of less than 3,300 scf/bbl of oil, and together they occupy the upper left corner of an oil-gas production diagram ( fig. 6 ). In a retrograde gas reservoir, liquid condenses in the reservoir as reservoir pressure declines. Gas-oil ratios in retrograde gas reservoirs typically range from 3,300 to 50,000 scf/bbl, although they can have values as high as 150,000 scf/bbl; these reservoirs occupy a central diagonal band on an oil-gas diagram ( fig. 6 ). Wet gases, also called condensate gases, have gasoil ratios in excess of 50,000 scf/bbl (less than 20 bbl condensate/mmcf gas) and occupy the lower right corner of the diagram. Dry gas produces no oil in either the reservoir or at the surface (McCain, 1990) , and corresponding points are plotted in a separate rectangular box at the bottom of the diagram. . Oil and gas types plotted on a log-log diagram of oil and gas production rates. Fields indicate three reservoir fluid types, based on McCain (1990) . [scf/bbl, standard cubic feet per barrel; bbl/mmcf, barrels per million cubic feet; bbl/day, barrels per day; mcf/day, thousand cubic feet per day]
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Maps, production plots for selected wells, and summary plots of data are presented in plates 1-6 for Grand Valley, Parachute, Rulison, and Mamm Creek fields. No oil or water was produced from the Wasatch Formation, so only gas is reported on plates 1 and 2. Oil and water production from the Mesaverde Group was consistent enough to be displayed and summarized from Grand Valley, Rulison, and Mamm Creek fields (plates 3, 5, 6), but reporting of oil and water production from the Parachute field was sporadic, so only gas is reported from the Mesaverde Group from that field (plate 4). The six appendixes contain the location of each well and numerical values of fluid production from the first and second samples. Production records and other data for this study were drawn from the IHS Energy production database (IHS Energy, 2009 
Production from the Wasatch G Interval
Production data were obtained from the IHS database (IHS Energy, 2009), selected by field name with the date of first production restricted to earlier than December 31, 1998. Gas is produced from the Wasatch Formation in Parachute and Rulison fields but not in the Grand Valley or Mamm Creek fields. Of the 26 wells selected in the Parachute field, production in 22 wells commenced in the years 1986-1990, with production from 4 other wells commencing in 1991, 1992, 1994, and 1996 . Of the 38 wells selected in Rulison field, production commenced in years 1984-1985 (17 wells), in 1989-1991 (19 wells), and in 1995-1996 (2 wells) .
In Parachute field, the surface locations of four northern wells-Allen Point 1-1695, 1-2095, 1-8-95, and Mobil 1-9-95-are at elevations several thousand feet higher than the other 22 wells, for which the depths of the perforation mid-points range from 1,100 to 2,709 ft with an average of 1,740 ft (appendix 1). In Rulison field, depths of perforation mid-points for 38 wells range from 1,400 to 2,450 ft with an average depth of 1,842 ft (appendix 2).
The Wasatch Formation is completed and produced separately from the underlying Mesaverde Group. Most wells were completed (hydraulically fractured) within a single interval, although a few wells required two or three completion intervals (appendixes 1 and 2). Based on the thickness of the perforated intervals in Parachute field (appendix 1), the gas examined in this study is produced only from the Wasatch G interval in 17 of the 26 wells. In the other wells, production is from the Wasatch G interval and a few deeper intervals within the Wasatch Formation.
In Parachute field, first-sample gas production from the 26 wells in the Wasatch G interval ranged from 40 to 642 mcf/day, with individual well production distributed evenly within that range ( fig. 1-2 of plate 1). Median and average values of first-sample gas production were 234 and 261 mcf/day (appendix 1). The average gas production rate declined to 108 mcf/day after 5 years. Initial gas production was greatest, exceeding 400 mcf/day, in wells located in sections 33, 34, and 35 of T. 6 S., R. 95 W. and in section 3 of T. 7 S., R. 95 W. The lowest production rates, less than 50 mcf/day, were in the three southeastern wells in sections 1, 2, and 11 of T. 7 S., R. 95 W.
In Rulison field, first-sample gas production from 38 wells ranged from 28 to 284 mcf per day; in this field, gas production appears to be normally distributed (see distribution in fig. 2 -2 of plate 2) around an average of 96 mcf/day (appendix 2). Average gas production after five years (second sample) was 59 mcf/day, with a range from 18 to 146 mcf/day. First-sample gas production is not a strong function of well location, although wells with the lowest gas production rates are located on the east and west sides of the field. Declines in gas production over the five years between the first and second samples are somewhat greater in Parachute field than in Rulison field as shown by the gas production plots (figs. 1-4 through 1-13 of plate 1 and figs. 2-4 through 2-13 of plate 2), the lengths of the change vectors ( fig. 13 14 of plate 1 and fig. 2-3 of plate 2) , and the ratios of second sample/first sample average rates cited in the preceding paragraphs (108/261 = 0.41 for Parachute field and 59/96 = 0.61 for Rulison field).
Produced gas at the first sample and the decline of gas rate from the first to second sample were plotted (not shown) against (1) the number of perforations and (2) the depth extent of the perforated intervals, which are tabulated for each well in appendixes 1 and 2. No relationships were found between gas rate or gas-rate decline and either of these two completion parameters in either Parachute or Rulison fields.
No oil and very little water was produced from these wells. Water was produced from only 2 of the 26 wells in Parachute field, both on the periphery of the field, and may have been produced from an interval deeper than the Wasatch Formation in one of those two wells, well W-37-1. Only a few months of water production was reported for about half of the 38 wells in Rulison field. Using a temperature gradient of 1.8°F per 100 ft (Warpinski and Lorenz, 2008) , reservoir temperature at 1,800 ft is estimated to be 72°F. Using a pressure-depth ratio of 0.3 psi/ft, reservoir pressure is estimated to be 540 psi. At these low temperatures and pressures, gas can absorb only 0.1 bbl water per mmcf of gas (McCain, 1990) , none of which may be released at the surface. Hence no dissolved water is expected to be produced. It is possible that small amounts of free water are dissolved in gas as it moves to lower pressures at the wellbore, in which case small amounts of free water produced from the formation could remain dissolved in gas at the surface and not be recorded.
Production from the Mesaverde Group
Production records for the Mesaverde Group were obtained from the IHS database (IHS Energy, 2009) for each of four fields-Grand Valley, Parachute, Rulison, and Mamm Creek-with the date of first production restricted to earlier than December 31, 1998. The selected wells are shown on maps on plates 3-6 and are listed in appendixes 3-6. Well selection was guided by the need for (1) examining fluid production as early in the life of the field as practical, (2) good continuity of records for gas, oil, and water, (3) good coverage of each field without spatial oversampling, and (4) a desired sample size of around 30 wells per field. Production commenced in the years 1983-1988 for most of the selected wells, with production commencing as early as 1990 or as late as 1998 for a few wells.
Many of the well completions done around 1990 in the Grand Valley and Parachute fields were dual completions, in which a packer was set above the Cameo coal interval (Reinecke and others, 1991) . Gas was produced from a single Cameo interval through tubing extended through the packer. Gas was also produced from a single Mesaverde interval above the packer through the annulus between tubing and casing. Gas from the two intervals was metered separately in order to obtain favorable tax considerations for gas production attributed to coal beds in the Cameo interval. It was difficult to monitor the water produced from the tubing-casing annulus (called the "back side"), because the large annular area resulted in a reduced flow velocity that could not carry produced water to surface, with consequent water loading in the annulus (F. Farnham, retired geologist, oral commun., 2009). As a result, water records for the Mesaverde interval were incomplete. We elected not to use any records from wells with dual completions during the 1990-1997 time interval.
In 1997-1998, many wells in the Grand Valley and Parachute fields were re-entered and 2 or 3 completion intervals were added in shallower Mesaverde intervals. Wells that were re-entered are designated with a 01 or 02 as the last two digits in the American Petroleum Institute (API) number instead of 00 (appendixes 3-6). These re-completed wells were then put on production, generally incorporating the original two lower completion intervals. The number of completion intervals for each well is listed in appendixes 3-6. The first and second samples used in the present study were taken both from the re-completed wells and from wells first drilled in the 1995-1998 time period. In the case of 15 the re-completed wells, our criterion of selecting the earliest production from a field was not met in Grand Valley and Parachute fields. The depth intervals, the number of perforations, and the number of completion intervals that were accessed during first and second sample times were determined by inspection of well records (IHS Energy, 2009) 
us/).
Production startup from our selected wells in the four fields occurred mainly within the years 1993 through 1998, as indicated by the production records in plates 3-6. Cumella and Ostby (2003, p. 186) described the completion techniques used in this time period in Grand Valley, Parachute, and Rulison fields: "A typical Williams Fork well is completed in 4 to 6 gross intervals that average 300-400 ft thick. The average number of sands that are present in each interval is 3 to 5. Hydraulic fracture treatments use limited-entry techniques with 100,000 to 400,000 lbs of sand in each treatment. Most hydraulic fracture treatments in the last three years have been slickwater fracs that use 1,000 to 3,000 barrels of fluid per frac treatment."
Grand Valley Field
In Grand Valley field, first-sample gas production ranges from 132 to 695 mcf/day, with median and average values of 282 and 296 mcf/day, respectively (fig. 3-2 of plate 3 and appendix 3). After five years (second sample), gas production declined to median and average values of 128 and 155 mcf/day, that is, to about half that of the first sample. Eleven of 27 wells produced oil (condensate) at rates less than 1.2 bbl/day at the first sample, but no oil was recorded for the other 16 wells ( fig. 3-3 of plate 3 ). All 27 wells produced water at both the first and second samples; the eight production records (figs. 3-6 through 3-15 of plate 3) show that water production was nearly continuous with time in individual wells. First-sample water production ranged from 0.6 to 6.7 bbl/day and second-sample water ranged from 0.3 to 9.0 bbl/day; water production increased from first to second samples in one-half of the wells and decreased in the other half ( fig. 3-5 of plate 3) . However, the average water production rate was unchanged at 2.67 bbl/day in both the first and second samples. With average gas production declining by half and average water production remaining unchanged, the average water-gas ratio increases by about a factor of two over the five-year period between the first and second samples.
It might be expected that oil or water production rates would be greater in some parts of the field than in other locations. However, we observed no spatial dependence or grouping for either oil or water production.
Parachute Field
Production records for the Parachute field are continuous for gas but show only sporadic production of oil and water. The incomplete nature of the oil and water records contrasts with the nearly continuous records from the Grand Valley, Rulison, and Mamm Creek fields, as can be seen by comparing plate 4 with plates 3, 5, and 6. It is not known why the reported fluid production is different for Parachute field. As a consequence, water data are available for the first sample in 16 of 20 wells ( fig. 4-2 of plate 4) and for the second sample in 12 of 20 wells (appendix 4). Due to the lack of continuity in the water records, change vectors were not plotted. The changes in gas production are discussed in a later section of this report.
Rulison Field
Gas, oil, and water records selected from Rulison field show good continuity (figs. 5-6 through 5-15 of plate 5). Gas production at the first sample ranges from 125 to 861 mcf/day, with two additional high-rate wells yielding 1,695 and 1,992 mcf/day ( fig. 5-3 of plate 5). Median and average first-sample gas production rates are 340 and 485 mcf/day, respectively (appendix 5). Median and average water production first-sample rates are 2.2 and 3.5 bbl/day. The oil-gas ratios of individual wells are between 1 and 10 bbl/mmcf, and the average oil-gas ratio is 3.65 bbl/mmcf, all within the wet gas field of fig. 6 . Water-gas ratios are tightly distributed (fig. 5-2 of plate 5) with an average ratio of 7.5 bbl/mmcf at the first sample. However, the changes in water and gas between the first and second samples vary widely ( fig. 5-5 of plate 5 ). For example, water decreases by more than a factor of 5 in 9 wells and increases in 5 other wells, whereas the ratio of gas at the second sample to gas at the first sample ranges from 0.07 to 1.43.
Mamm Creek Field
Like the Rulison field, Mamm Creek production records exhibit good continuity, making sample selection fairly straightforward (figs. 6-6 through 6-15, plate 6). Gas production at the first sample ranges from 53 to 1,040 mcf/day, with a median value of 249 mcf/day. Mamm Creek field is characterized by high water production rates in a few of the sampled wells. Three wells on the southwest edge of the field-Parker 10-9, Parker 14-10, and Bennett 32-10-have first-sample water production rates of 8 to 14 bbl/day. Two wells on the southern edge of the field-Mamm Creek 29-4 and HMV 30-16-have rates of 9.7 and 5.4 bbl/day. The highest rate water producer-Covey 5-10-is in the center of the field ( fig. 6 -1 of plate 6). Despite these few wells with high rates, water production from the typical (median) well in Mamm Creek field is about the same as in the other three fields. The median water/gas ratio is 6.4 bbl/mmcf.
Discussion

Gas Production from the Wasatch G Interval
The amounts of gas produced at the first and second samples, and the changes between the first and second samples, can be examined in figure 7 for both the Wasatch G interval and the Mesaverde Group. Gas production from the Wasatch G interval was substantially greater from the Parachute field than from the Rulison field, and the median gas production from Parachute-Wasatch is similar to median gas production from the four fields producing from the Mesaverde Group ( fig. 7) . As discussed previously, the outstanding characteristic of Wasatch G production is the lack of oil and water production.
Underpressuring in the Wasatch G Interval
The presence of the underpressured gas-producing Wasatch G interval overlying the overpressured gas-producing Mesaverde Group poses an interesting question-how did the underpressure (less than hydrostatic) of the Wasatch G interval evolve? Besides being underpressured (pressure-depth ratios of 0.35 and 0.36 were cited previously for the Parachute and Rulison fields), gas has been produced from the Wasatch G interval for long periods without water production (plates 1, 2). The hypothesis advanced here is that the underpressured condition and the lack of water production both evolved late in the geologic history of the basin as a consequence of uplift and erosion: as much as 5,000 ft of overburden were removed from the Wasatch G interval from maximum burial to present day ( fig. 8) . In Parachute field, the present-day depth to the mid-point of the Wasatch G interval is at a relatively shallow depth of approximately 1,740 ft. Because gas volume is inversely proportional to pressure, gas volumes increase with uplift and erosion, and increase greatly for reservoirs that come to a shallow burial depth at the present day (Brown, 2005) . The expansion of gas is believed to be the cause of the near absence of produced water and the apparent absence of a gas-water contact. Erosional processes have exposed the Wasatch G interval at the surface to the east and southwest of Parachute and Rulison fields, with the lowest elevation outcrops located where the interval is bisected by the Colorado River ( figs. 1 and 3) . The hydraulic connection between surface and reservoir is believed to be the cause of the apparent underpressure. Figure 7 . Box and whiskers plot of gas production at the first and second samples for the Wasatch Formation and the Mesaverde Group. Each whisker and each box represents one-fourth of the population; the left edge of the box represents the 25th percentile and the right edge, the 75th. The shift from the upper box-and-whiskers to the lower one shows the decline in gas production rates over a five-year time period.
Outcrops of the Wasatch G interval are present both east (upstream) and southwest (downstream) of the Parachute and Rulison gas fields ( fig. 1) . Consequently, the Wasatch G interval is charged with surface water, especially where outcrops are bisected by the Colorado River in T. 8 S., R. 97 W., and in T. 6 S., R. 92-91 W. In the following computational exercise, we assume that the gas pressure in Parachute field is controlled by hydraulic linkage to the outcrop in T. 8 S., R. 97 W. (which is at an elevation of approximately 5,200 ft) and not to the outcrop at T. 6 S., R. 92-91 W (which is at a higher elevation of approximately 5,800 ft) ( fig. 8) . Analysis of fracture patterns from aeromagnetic and seismic surveys shows a denser network of fracturing at shallow depths to the east of the Parachute field than to the west, indicating a higher likelihood that the hydraulic continuity of the G interval has been disrupted by faulting between Parachute field and the eastern outcrops (Hoak and Klawetter, 1997) . To compute the elevation of the water-gas interface (location 4 in fig. 9 ), we consider the pressure P 2 in the gas reservoir at location 2 and the pressure P 4 in the water at location 4:
and the water pressure at location 4 must be P 4 = 0.433×(Z 3 -Z 4 ) (2) The two pressures are related by
where 19 0.350 psi/ft is the pressure-depth ratio in Parachute field, 0.433 psi/ft is the pressure gradient of fresh water, 0.017 psi/ft is the pressure gradient of gas in the Wasatch G interval at location 2, Z i , i=1,2,3,4 is the elevation at locations 1-4 in figure 9 , and P c is the pressure drop across the interface between water and gas.
The second term in equation 3 is small relative to other terms in equations 1 and 2 because 0.017, which represents the gas density, is smaller than the other two pressure-depth ratios and the elevation difference between points 2 and 4 is considerably smaller than An estimate of the pressure drop P c raises a difficult question, as the nature of an updip-water, downdip-gas interface is not understood, as opposed to updip-gas, downdip-water scenarios that are well understood in the context of buoyant systems with top seals. However, there is no evidence that the gas reservoir in the Wasatch G interval behaves as a buoyant system; in fact, the production of gas without water indicates that it is not a buoyant system. One solution to the problem rests on the concept of gas bubbles trapped in pore spaces between changes in grain (pore throat) sizes (Shosa and Cathles, 2001 ). Shosa and Cathles explain the results of their experiment on the basis of a capillary block that incorporates gas bubbles at grain-size interfaces that block the flow of water from coarse-to finegrained strata.
The model is appealing for the case at hand, as uplift of the gas reservoir caused gas expansion, forcing the gas-water interface to expand outward from the initial gas bubble. Exsolution of gas from water upon further pressure reduction produced free gas that blocked and continues to block any reverse flow of water into pore space formerly occupied by water but presently occupied by gas. The magnitude of the pressure drop across one layer of fine-grained strata is about 34 psi (Shosa and Cathles, 2001) . Successive layers of coarse-to fine-grained strata would provide additive pressure confinement, so the total pressure drop could be n×34 where n is the number of layers. In our case, the number of layers is unknown; we will assume 1 to 3 such intervals, providing a range of possible pressure drops of 34 to 102 psi. Application of equation 4 yields the data shown on table 2. The second case, for Z 2 =3,940 ft, is illustrated in figure 9 . The lateral location of the water-gas transition is poorly constrained in our two-dimensional representation ( fig. 9 ) of a poorly mapped threedimensional surface, and the elevation of the transition is uncertain because of our lack of knowledge regarding P c and the effective elevation of the gas-charged interval. Thus, the computations in table 2 are presented in the form of a sensitivity analysis showing the possible range of elevation of the watergas transition zone, rather than an exact result. The important point is that the surface elevation at Parachute field that was used to compute an apparent pressure gradient of 0.35 psi/ft is higher than the outcrop elevation, which controls the pressure at the water-gas interface. The elevation of the water-gas transition zone is not far above the elevation of the gas reservoir, about 100 ft according to table 2. This seems to be a reasonable estimate, as the equilibration point for gas expansion is not far above the maximum gas elevation in the reservoir. Water and gas pressures at the transition zone are also given in table 2; the differences between the two are equal to the assumed value of the capillary pressure drop.
Gas Production from the Mesaverde Group
Of the four fields producing from the Mesaverde Group, the Rulison field has the highest average production rate and the greatest number of highly productive wells. The highest gas production of 1,992 mcf/day is nearly twice that of the highest producer in the other three fields, and the skewness to highly productive wells is shown by the elongated box and whisker above the median (fig.7) . The distributions of other fields are more symmetric than that of Rulison-Mesaverde ( fig.7) .
Ratios of gas production at the second sample to the first sample are provided in appendixes 3-6 and are also shown as histograms in table 3. The distributions are roughly normal, with about the same number of samples above and below the mode. Rulison field, with its mode in the 0.30-0.39 range, again stands apart from the other three fields, which have modal and median values in the 0.50-0.59 range. Other statistics, taken from appendixes 3-6, are given in table 3. Overall, gas production decreased by about one-half over the five-year span between the second and seventh years of production. It is noteworthy that Rulison field had the greatest decline (0.40) over a five-year time span and also had the greatest number of wells with high first-sample gas production. 
Water and Gas Production from the Mesaverde Group
The changes in water and gas in the Mesaverde Group between samples one and two, already summarized as change vectors on logarithmic plots on the plates, are also plotted using linear coordinates for the Grand Valley, Rulison, and Mamm Creek fields on figure 10. The plotting scheme of figure 10 is similar to that of figure 5C , except the first point is not explicitly shown at 1,1 in figure  10 , and to avoid clutter, no vector is drawn from 1,1 to the second point. A well in which the water and gas production rates at the second sample are one-half that of the first sample would plot in the center of the lower left quadrant. Several features are noteworthy:
• All three fields have a significant number of wells that show increases in water production with time. However, more than half the wells (exactly half in Grand Valley field) show decreases in water production over the five years between the first and second samples, as shown by the median value for each of the fields.
• Each of the three fields has at least one well in which gas production increased over the five-year time span. It is likely that these increases were the result of a recompletion or some remedial action in the well.
• The median value of the reduction in gas production rates in the three fields is around 0.5, as previously stated.
• The relation between water and gas decreases is strongest (scatter is least) in the Rulison field where water and gas production rates tend to decline at roughly the same rate. (If water and gas in each well declined at exactly the same rate, then all points would lie on a diagonal between 0,0 and 1,1.) Rulison field also has the greatest fraction of wells with water and gas declines of more than one half over the five-year time period.
• With the exception of Rulison field, the decline of water and gas does not exhibit much coherence, that is, the data for Grand Valley and Mamm Creek fields are scattered, not clustered, on the plots. Figure 10 . Ratio of water production rate at the second sample (Water2) to that of the first sample (Water1), plotted against the ratio of gas production rate at the second sample (Gas2) to the first sample (Gas1). Values of Water2/Water1 that exceed 2.0 are plotted at 2.0; there are three such points in Grand Valley field and two in Rulison field.
Median water-gas ratios at the first sample are 8.6, 7.0, 7.2, and 6.4 bbl/mmcf in Grand Valley, Parachute, Rulison, and Mamm Creek fields, respectively, and the lowest non-zero ratios are 2.3, 3.4, 2.1, and 1.3 bbl/mmcf in the same fields. According to calculations, the amount of water dissolved in gas in the four fields producing from the Mesaverde Group is less than 1 bbl/mmcf. (The calculations can be compared with the actual water-gas ratios in figures 3-2 of plate 3, 4-2 of plate 4, 5-2 of plate 5, and 6-2 of plate 6.) Thus, all wells exhibit water-gas ratios greater than the values calculated for water held in solution in the reservoir, with the implication that some free water is produced in all wells, although the amounts are low in many wells.
Lack of Dependence on Completion Parameters
The tabulation of perforation data in appendixes 3-6 permits an inspection of production rates on (1) the depth extent of the perforated intervals, (2) the number of completion intervals, or (3) the number of perforations. However, graphical inspection of the first-sample gas rate, the decrease of gas with time, and first-sample water rate upon these three completion parameters showed no dependence in any of the four fields. One might expect gas and water production rates to increase with one or all three of these completion parameters, but such is not the case. Nor did the ratio of second-sample to firstsample gas show any marked dependence upon any of these measures of the amount of reservoir that was accessed. This lack of an obvious relationship between production and amount of exposed reservoir seems to reflect the difficulty in determining potential producing zones in low permeability reservoirs and the pervading state of the art of formation evaluation in the late 1990s.
Summary
Fluid production from the Wasatch G interval is characterized by the nearly complete absence of oil and water. The apparent underpressure in the Wasatch G gas fields-Parachute and Rulison-is attributed to hydraulic communication of the Wasatch G interval with the atmosphere where it crops out at the Colorado River, downstream from the Parachute field.
Gas production rates at the first and second samples are roughly normal in distribution, with the exception of Rulison-Mesaverde field, which has the most productive individual wells and a skewed distribution for first-sample gas production. In all fields, gas decline rates over the five-year span between the first and second samples are also normally distributed, with gas production at the second sample being roughly one-half that of the first sample. These statements hold for both the Wasatch G interval and the Mesaverde Group.
For fields producing from the Mesaverde Group, water production is generally unrelated to gas production, with the exception of Rulison field, where declines in gas production are roughly matched by declines in water production. Water-gas ratios exceed the amount expected to be in solution in the reservoir by factors of ten and more, indicating that substantial amounts of free water are produced along with the gas. There appears to be some spatial control on water production in Mamm Creek field, but not in Grand Valley or Rulison fields. Oil-gas ratios increase from west to east, although the reporting of oil is poor in Grand Valley and Parachute fields. Oil-gas ratios in the Mesaverde Group are all within the wet gas domain.
